Actin is one of the most abundant proteins occurring in all eucaryotic cells. It is a major component of the cytoskeleton, and is involved in many cellular functions, including cell motility, contractile ring formation during cytokinesis, maintenance of cell shape and signal transduction [1, 2]. Defects in any of these processes resulting from changes in the actin cytoskeleton are likely to lead to clinical consequences [1]. Alterations in actin organization are known to accompany malignant transformation of many cell types [3][4][5]. Disruption of actin stress fibres occurs in many cancer cells. This could result from changes in actin content, but also in the level of polymerisation, indicating a disturbance of the physiological equilibrium between actin assembly and disassembly, so important for its functions. On the other hand, the disappearance of stress fibres could also result from a defect in the aggregation of filaments into bundles, rather than in the actual amount of filamentous actin.
Actin is one of the most abundant proteins occurring in all eucaryotic cells. It is a major component of the cytoskeleton, and is involved in many cellular functions, including cell motility, contractile ring formation during cytokinesis, maintenance of cell shape and signal transduction [1, 2] . Defects in any of these processes resulting from changes in the actin cytoskeleton are likely to lead to clinical consequences [1] . Alterations in actin organization are known to accompany malignant transformation of many cell types [3] [4] [5] . Disruption of actin stress fibres occurs in many cancer cells. This could result from changes in actin content, but also in the level of polymerisation, indicating a disturbance of the physiological equilibrium between actin assembly and disassembly, so important for its functions. On the other hand, the disappearance of stress fibres could also result from a defect in the aggregation of filaments into bundles, rather than in the actual amount of filamentous actin.
Interesting data are accumulating on the relation between actin organization and the ability of cancer cells to disseminate and form metastases. Changes in actin distribution were observed in populations of sarcoma cells differing in metastatic potential [6] . Similar observations were made on Madine Darby Canine Kidney (MDCK) cells transformed with Moloney sarcoma virus [7] , human salivary gland adenocarcinoma [8] , and melanocytic cells [9] . The invasive variants of these cells contained no stress fibres in contrast to their non-invasive counterparts which showed a high level of organization of the actin cytoskeleton. In addition to modified actin organization, changes in actin polymerisation have also been reported. Verschueren et al. [10] found that an increased F actin content was correlated with increased motility and malignancy of T-lymphoma cells. In these cells a high level of actin polymerisation was considered to be a prerequisite for pseudopodia formation, a phenomenon necessary for infiltration of cancer cells into a tissue. The in vitro motility and invasiveness of the lymphoma cells were decreased by inhibitors of actin polymerisation such as Clostridium botulinum C2 toxin and cytochalasin B [11, 12] . Interestingly, various types of malignant cells were also found to be more sensitive to cytochalasin B than their normal counterparts [13] . Taken together the data suggest that whereas the assembly of microfilaments into thick bundles is deficient in malignant cells, the polymerisation of actin into filaments is increasing with progression of the cells towards a more malignant phenotype. Similarly, we have observed previously an increase, both in the amount of actin and in the level of actin polymerisation, during rapid growth of hepatoma Morris 5123 experimental tumour in rats. This increase coincided with the onset of metastasis formation in the lungs of tumour bearing rats [14, 15] .
In the light of these findings, selective targeting of actin filaments in cancer chemotherapy seems to be a very attractive approach. In fact, some natural marine toxins that affect actin polymerisation and filamentous actin architecture, like lantrunculins, jasplakinolide, misolinolide A, and swinholide A have been described recently as compounds with anticancer potential [16] [17] [18] .
Methotrexate (MTX), the drug widely used in cancer therapy, has an essential role in the treatment of such diverse neoplasms as acute lymphocytic leukemia, non-Hodgkin's lymphoma, osteosarcoma, choriocarcinoma, head, neck and breast cancers [19, 20] . The drug is also used in the treatment of a variety of non-neoplastic diseases [21] . Injection of MTX to rats with growing hepatoma Morris 5123 tumours (one week after tumour implantation) resulted in a visible inhibition of tumour growth and inhibition of metastasis formation. In the presence of the drug the increase in total and polymerised actin, characteristic for the second week of tumour growth in untreated animals, did not occur [22] .
To study the effect of MTX directly on tumour cells, we have established in our laboratory the cell line derived from the rat hepatoma Morris 5123. The level of monomeric, total and filamentous actin (and by inference the level of polymerisation) were determined in the cytosolic fraction of cultured hepatoma cells, and actin filament organisation was visualised following cells treatment with various concentrations of MTX. In addition, the effect of MTX on the invasiveness of these cells was investigated in an in vitro invasion assay.
MATERIALS AND METHODS
The experiments were carried out with cultured cells derived from the rapidly growing hepatoma Morris 5123 tumour. Samples were taken from tumours growing on the left limb of Buffalo rats [23] , in the second week of tumour growth.
Isolation and culture of hepatoma Morris 5123 cells. Cells were collected from the tumour by biopsies by the cold cocktail method [24] . The cells were washed with culture medium supplemented with double strength penicillin (200 U/ml) and streptomycin (0.2 mg/ml), transferred into sterile dishes and cut into small pieces. Minced tissue was placed in a conical centrifuge tube with cold enzymatic cocktail I (0.25% trypsin and 200 U/ml collagenase mixed in a 2 : 1 ratio) and kept on ice for 4 h. Then the tube was transferred to a warm water bath (37°C) and vigorously shaken. After 2 min the liquid phase, which contained the dispersed cells, was transferred to a tube with culture medium and centrifuged for 3 min at 80 g, at room temperature. Meanwhile the tube containing the rest of tissue was replenished with the enzyme cocktail II (0.25% trypsin, 200 U/ml collagenase and 1 mg/ml DNase I mixed in a 2 : 1 : 0.05 ratio), returned to the water bath and shaken. Again the fluid containing the dispersed cells was transferred to the tube with culture medium and centrifuged as above. Finally all cells were pooled, washed with the same medium, centrifuged, resuspended in medium and seeded in culture flasks at a density of 1-2´10 5 /ml. Cells were cultured in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% Newborn Calf Serum (NCS), glutamine and antibiotics (100 U/ml penicillin + 0.1 mg/ ml streptomycin) at 37°C and 5% of CO 2 , and passaged at subconfluence using trypsin/ EDTA solution. The cells were used for the current experiments between the 5th and 15th passage.
The viability of the cells was examined before every experiment by trypan blue staining.
MTX treatment. Powdered methotrexate (Sigma, 98% of HPLC purity) was dissolved in 0.1 mM NaOH to a concentration of 1 mM and sterilized by filtration. Freshly prepared MTX solution was then diluted to the required concentrations (0.1 mM, 1 mM and 10 mM) with DMEM without serum. The medium containing MTX was added to the growing hepatoma Morris 5123 cells three days after cells seeding (10 ml per 10 cm diameter tissue culture dish). After 24 h of exposure to the drug the cells were harvested with a rubber policeman or trypsin/EDTA treatment depending on further experiments.
Reimplantation of hepatoma Morris 5123 cells. Untreated cells and cells cultured in the presence of MTX were harvested from the culture dishes using a rubber policeman, suspended in NaCl/P i buffer and pelleted by centrifugation. Then the cells were resuspended in a small amount of NaCl/P i buffer, counted, and 3´10 6 living cells were injected into the left limb of the rats. After 4 weeks the tumours were resected and weighed.
Invasion assay. The invasiveness of hepatoma Morris 5123 cells was evaluated in an invasion assay according to Albini et al. [25] with the following modifications. The Falcon Membrane Systems with inserts consisting of polyethyleneterephtalate (PET) filters with 8.0 mm pore size, were coated with 100 ml Matrigel (MG) diluted with DMEM to a concentration of 0.3 mg/ml, then 4´10 4 living cells (per filter) were added to the upper chamber of each unit and incubated at 37°C and 5% of CO 2 . At the end of the incubation time the filters were gently washed with NaCl/P i buffer and cells were fixed and stained with 0.125% Coomassie Brilliant Blue in 50% methanol and 10% acetic acid. The cells from the upper surface of the filters were removed by wiping with a cotton swab. The cells of the lower surface were counted in 10 microscopic fields (under 100´magnification). Each assay was performed in triplicate. The invasiveness factor was calculated as the percentage of cells seeded onto the upper chamber of the insert which had passed to the lower surface of the filter.
Isolation of cytosolic fractions. Cytosolic fractions were prepared as described earlier by Malicka-B³aszkiewicz & Roth [26] . Cells grown in tissue culture dishes were gently washed with NaCl/P i buffer, scraped with a rubber policeman and suspended in G actin stabilizing buffer (freshly made) containing 10 mM Tris/HCl pH 7.4, 0.25 M sucrose, 1 mM dithiothreitol, 0.1 mM ATP, 0.1 mM CaCl 2 . Cells were centrifuged (100 g, 3 min, 4°C) and homogenized with 3 volumes of the same freshly made buffer in a Dounce homogeniser. Homogenates were centrifuged at 105 000´g for 1 h at 4°C. The high-speed centrifugation supernatant was used as cytosolic fraction and kept frozen (-70°C) until actin determination.
Actin measurement. Actin determination was based on its inhibiting effect on DNase I from bovine pancreas under standard assay conditions, as described by Malicka-B³asz-kiewicz & Roth [26] . The concentration of monomeric actin (G) was estimated by DNase I inhibition, directly in crude cytosol sample. Total actin (T) content was measured after dilution of samples with the G actin stabilizing buffer until maximal inhibition of DNase I was reached [26, 27] . Filamentous actin (F) was calculated by subtracting the amount of G actin from the total actin (F = T-G). The state of actin polymerisation was defined by the F : G actin ratio (F : G).
One unit of DNase I inhibitor (actin) is the amount which decreases the activity of 20 ng of DNase I by 10% under standard assay conditions [26] . Actin concentration was expressed in units of DNase I inhibitor per 1 mg of sample protein.
Protein. Protein was determined by the standard Lowry et al. procedure [28] .
Fluorescence staining of actin microfilaments. Cells grown on cover slips were fixed with 4% paraformaldehyde in 20 mM Pipes buffer containing 80 mM KCl, 1.5 mM MgCl 2 , 1.5 mM CaCl 2 , 10 mM EGTA, 5.6 mM glucose [29] for 10 min at room temperature and then permeabilized with 0.2% Triton X-100 in NaCl/P i buffer for 10 min. Staining with rhodamine-conjugated phalloidin was carried out for 30 min. After being washed with NaCl/P i buffer the cells were mounted in fluorescent mounting buffer and microfilaments were observed under fluorescence microscope Olympus BHS or confocal laser scanning fluorescence microscope LSM 510 Zeiss.
RESULTS

Actin in hepatoma Morris 5123 cells treated with MTX
Hepatoma Morris cells were cultured in conditions initially established in our laboratory. The effect of different concentrations of MTX on different actin pools and actin filament organisation was examined. Differential interference contrast (DIC) microscopy was used to observe cell morphology and fluorescence microscopy was applied to visualise actin filament distribution in the cells. No statistically significant changes in monomeric actin (G) level were observed in the cytosolic fraction of hepatoma Morris after MTX treatment, but the level of total and filamentous actin as well as the F : G ratio were decreased in the cells treated with 1 mM or 10 mM MTX (Fig. 2) .
The confocal laser scanning fluorescence microscopy was applied to investigate the effect of MTX on actin filament architecture. Figure 3 presents organisation of actin filaments in hepatoma Morris 5123 cells treated with the drug as compared with the nontreated cells. In the cells treated with MTX as well as in the control (nontreated) cells actin did not form "stress fibres" but the short filaments were organised as a meshwork and were dispersed within the cell body. However, in control cells microfilaments were more "regularly" distributed, accumulated mainly under the membrane and around the nucleus, whereas in the cells exposed to MTX the filamentous actin accumulated in patches appearing randomly in the cell body (see Fig. 3 ).
The effect of MTX on hepatoma Morris 5123 cell growth after reimplantation
To check the tumour forming ability of cultured hepatoma Morris 5123 cells treated with MTX, they were harvested and 3´10 6 viable cells were implanted to the left limb of experimental rats. Reimplanted cells were able to form tumours with an average mass of 18.7 ± 5.2 g within four weeks after implantation. As seen in Fig. 4 , pretreatment with MTX decreased the ability of the cells to form tumours. An important, statistically significant decrease of the tumour mass was observed after implantation of cells treated with either 1 mM or 10 mM MTX.
The effect of MTX on invasiveness of hepatoma Morris 5123 cells
The invasiveness of hepatoma Morris 5123 cells cultured in vitro was evaluated by assessVol. 48 The effect of methotrexate on actin ing the number of cells that were able to pass through Matrigel (MG) coated PET filters with a pore size of 8 mm. The number of cells present on the lower surface of the filters progressed with the time of incubation (Fig. 5A) . The invasiveness, expressed as a percentage of cells able to pass through the MG coated filters, reached a maximum (25%) after 48 h (Fig. 5A) . The ability of the hepatoma Morris cells to migrate through PET filters was found to be very sensitive to MTX. Cells that were precultured for 24 h in the presence of 0.1 mM, 1 mM or 10 mM MTX displayed a significantly decreased ability to pass through the filters, as compared with untreated controls (Fig. 5B) . The inhibition of invasion was already obvious at 0.1 mM. After pretreatment with 1 mM or 10 mM MTX, the invasion was totally arrested. The inhibitory effect of the drug was seen in 24 h as well as in 48 h experiments (Fig. 5B) . 
DISCUSSION
The effect of drugs on actin level and its filament organisation in different cells has received increasing attention [16, [30] [31] [32] [33] . Drugs affecting actin, used in cancer therapy, became of particular interest since the essential role of actin in motility of cancer cells and their ability to form metastases has been recognised [5, 6, 10, 12]. Interesting data were reported recently by Tikoo et al. [34] who observed a specific toxic effect of the rhodamine dye MTT-077 on several distinct human malignant cell lines, not seen on normal cells. The authors proved that the dye binds directly to actin, causing cross-linking of actin filaments and blocking of membrane ruffling.
Previous studies on the effects of MTX were focused mostly on its role as an inhibitor of dihydrofolate reductase (DHFR), the enzyme causing depletion of the reduced folate pool and subsequent inhibition of DNA synthesis and cell proliferation [19] [20] [21] . There is a single report on the inhibitory effect of MTX on invasiveness of human glioma cells [35] . However, this effect was never correlated with changes in the amount and polymerisation status of actin, nor of any other protein directly involved in cell motility.
Actin organization and polymerisation proved to play an essential role in the ability of cancer cell to invade surrounding tissues to form metastases [5, 6, 10, 12] . Presently we have shown that the inhibition of tumour formation and inhibition of invasion of hepatoma Morris 5123 cells by MTX was accompanied by changes in the actin level and in the state of actin polymerisation as measured by F : G actin ratio and also by alterations in actin filament organisation in cells. The level of polymerised actin decreased in the cytoplasmic fraction of the tumour cells exposed to MTX at as low concentration as 1 mM resulted in inhibition of tumour growth after reimplantation of the MTX treated cells to rats. Changes in the actin filament architecture and the decrease of the ability of cells to migrate through Matrigel coated filters were observed at still lower concentration of the drug (0.1 mM). These differences in the response to the drug dose may result from the different sensitivity of the applied experimental tests -however, an other explanation is also possible. In the light of the presented data one can not exclude that the process of tumour growth depends to a grater extent on the actin level in cytosolic fraction, whereas the actin filament distribution in the cell, responsible for cell movement, is more sensitive to MTX treatment.
These results, especially the decrease in actin level in the cytosolic fraction, are in agreement with our former results obtained in vivo with hepatoma Morris 5123 tumours Vol. 48 The effect of methotrexate on actin growing on the skeletal muscle of the left limb of experimental Buffalo rats [22] . The visible inhibition of tumour growth after intraperitonal injection of MTX was accompanied not only by a decrease in total and polymerised actin, but also by inhibition of metastasis formation in the lungs of the tumour bearing rats, which usually occured in the second week of tumour growth [22] .
Our former and current results clearly demonstrate that MTX, an anticancer agent, belongs to the group of the actin affecting drugs, acting mainly on its polymerised pool. However, the molecular events underlying this effect have to be unravelled by further studies. Some preliminary experiments (not shown) indicate that MTX does not affect directly actin polymerisation in vitro. This may suggest some other mechanism of MTX action e.g. inhibition of actin polymerisation regulatory pathways.
The definition of appropriate cell culture conditions to establish cancer cell lines, like we have done in the case of the hepatoma Morris 5123, can be recommended as an advantageous tool for studying the effect of drugs on actin level and polymerisation. In addition, our present results strengthen the idea that the drugs affecting the actin level and polymerisation should be studied more extensively with respect to their possible application for inhibition of tumour growth and metastasis formation.
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